The secondary structure of an N-terminally elongated Antennapedia (Antp) homeodomain (HD) polypeptide containing residues -14 to 67, where residues 1-60 constitute the HD, has been determined by NMR in solution. This polypeptide contains the conserved motif -Tyr-Pro-TrpMet-(YPWM) at positions -9 to -6. Despite the hydrophobic nature ofthis tetrapeptide motif, the N-terminal arm conisting of residues -14 to 6 is flexibly disordered, and the well-defined part ofthe HD structure with residues 7-59 is indis hable from that of the shorter Antp HID polypeptide (where positions 0, 1, and 67 are methionine, and glycine, respectively). In vitro biochemical studies showed that the stability and spedficity of the DNA binding previously observed for the shorter Antp HD polypeptide is preserved in the elongated polypeptide. These results strongly support the view that the HD is connected through a flexible linker to the main body in
very similar to Drosophila homeotic genes in several aspects (for a review, see ref. 22) , also encode the YPWM sequence (23) . The conservation of the YPWM sequence in HDcontaining gene products of such diverse species indicates that this peptide region may also play structural and/or functional roles in developmental gene regulation.
None of the HD-containing polypeptides so far used for structure determinations (8) (9) (10) (11) includes the tetrapeptide YPWM. In this project we investigated an elongated Antp protein fragment, Antp(YPWM) , that corresponds to the polypeptide segment with residues 279-359 ofthe intact Antp protein containing the YPWM peptide and the complete HD (see Fig. 2 ). The experiments with the Antp(YPWM) polypeptide described in this paper were designed for a dual purpose, (i) to obtain evidence for possible structural and functional roles of the conserved tetrapeptide motif YPWM and (ii) to investigate whether the length of the N-terminal extension has any impact on the previously defined behavior of the HD N-terminal arm that makes direct minor groove protein-DNA contacts in the Antp HD-DNA complex (9) .
The identification of the homeobox in developmental regulatory genes of eukaryotes (1-3) was followed by numerous studies on homeodomain (HD) structure and gene regulatory functions. Homeobox sequences were detected in species ranging from yeast to humans (4, 5) , and HD-containing proteins were found to act as transcriptional regulators in which the HD is responsible for sequence-specific DNA recognition (6, 7) . The three-dimensional NMR solution structure of the Antp HD (8) contains four helices, whereby helix 2 and helix 3 form a helix-turn-helix motif. The three-dimensional structures of three HD-DNA complexes (Antp, engrailed, and MATa2) determined by NMR (9) or by x-ray crystallography (10, 11) show the same protein fold and similar HD-DNA contacts. The second helix of the helixturn-helix motif is located in the major groove of the DNA, and further protein-DNA contacts are present between the N-terminal heptapeptide segment and the minor groove ofthe DNA. Comparison of the different complexes suggests that, overall, a relatively small subset of conserved amino acid residues is responsible for defining the characteristic DNAbinding mode of HDs (11) .
Comparison of the protein sequences revealed that, in addition to the HD, many of the Drosophila homeotic gene products contain another highly conserved peptide region, the -Tyr-Pro-Trp-Met-(YPWM) motif, which is separated from the N terminus of the HD by various distances (ref. 5 and Table 1 ). Strikingly, vertebrate HOX genes, which are
MATERIALS AND METHODS
Cloing of pAop2CS-YPWM. The plasmid used to express the elongated YPWM-containing Antp polypeptide was constructed using overlap-extension PCR (polymerase chain reaction) techniques. As the presence of cysteinyl residues may cause difficulties due to autooxidation (24) , the following strategy was employed in cloning a DNA fragment from which the Antp(YPWM) polypeptide could be expressed. The N-terminal sequences coding for an Antp-derived methionine, a 13-amino acid N-terminal extension of the HD (containing the YPWM sequence), and the first 17 amino acid residues of the HD itself were derived from the Antp cDNA 303 described in Schneuwly et al. (12) . The C-terminal part of the Antp HD was derived from the plasmid pAop2CS (ref. 25 ; see also ref. 24) . The N-terminal sequences were amplified from Antp cDNA 303 by using the 5' primer 5'-TCG-CAGTCCTCGCATATGCCGTCTC-3' and the 3' primer 5'-CTCTAGCTCTAGAGTCTGGTACCGGGTGTA-3'. The C-terminal sequences were independently amplified, starting from pAop2CS and using the 5' primer 5'-TACACCCGG-TACCAGACTCTAGAGCTAGAG-3' and the 3' primer 5'-AGCAGCCGGTTAACCCGGCTC-3'. Subsequently, the two amplified fragments were purified and ligated by overlap extension PCR using the two outer primers. The resulting DNA fiagment was cut at the ends with Nde I and Hpa I and Abbreviations: HD, homeodomain; NOE, nuclear Overhauser effect; NOESY, two-dimensional NOE spectroscopy; COSY, twodimensional correlated spectroscopy; TOCSY, two-dimensional total correlation spectroscopy.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. cloned in pAop2CS from which the natural Nde I-Hpa I insert had previously been removed. The structure of the final plasmid was verified by DNA sequencing using the dideoxynucleotide chain-terminator method (26) .
Expression and Purification of the Antp(YPWM) Polypeptide. The Antp(YPWM) polypeptide was expressed in Escherichia coli using a T7 expression system (27) . BL21(DE3) LysE was used as a host. Cells were grown in 4 liters of super broth (12 g of Bacto tryptone/24 g of yeast extracts/5 ml of glycerol/2.3 g of KH2PO4/12.5 g of K2HPO4 per liter with ampicillin at 0.1 mg/ml) at 250C in a high-density fermenter (Lab-Line Instruments). After reaching an OD value of 5 at 595 nm, the culture was induced with 8 ml of isopropyl 3-D-thiogalactopyranoside (100 mg/ml) and allowed to grow overnight at 25TC. Cells were harvested by centrifugation and lysed in a lysis buffer [50 mM Tris-HCl, pH 8.0/10 mM EDTA/10% (wt/vol) sucrose/0.2 M KCl/0.5% Triton X-100/1 mM phenylmethanesulfonyl fluoride/30 mM spermidine/1 mM dithiothreitol/lysozyme (0.4 mg/ml)] on ice for 1 h followed by a high salt extraction in 0.6 M KCI at 4TC for 30 min. Cell debris and the chromosomal DNA were removed by centrifugation at 30,000 rpm in a 50 T; Beckman rotor at 4°C for 2 h, and the clear supernatant was dialyzed overnight against a buffer solution (50 mM potassium phosphate, pH 7.0/1 mM dithiothreitol/1 mM phenylmethylsulfonyl fluoride/0.5 M KCl). The HD was retained and washed on a Bio-Rex 70 column with the above buffer and eluted with a salt gradient of 0.5-1.5 M KCl in the same buffer. The peak fractions were pooled and diluted twice with the buffer solution. The protein was further purified through a Mono S 10/10 FPLC (Pharmacia) column with a gradient elution from 0.4 to 1.0 M KCl in the above buffer. After extensive dialysis against pure H20, the purified protein fraction was further desalted by ultrafiltration and lyophilized. About Experimental scheme used for the measurement of the transverse amide proton relaxation times T2. It consists of a clean TOCSY experiment preceded by a relaxation delay a. T2 relaxation during the delay r leads to reduced amounts of amide proton magnetization available at the beginning of the tj evolution and to correspondingly reduced intensities of the cross peaks arising from the amide proton magnetization present at the end of the evolution time. The T2 relaxation times of the amide protons are determined from the cross-peak intensities recorded in a series of experiments with increasing waiting periods T. A selective pulse is applied to the amide protons in the middle ofT to refocus their chemical shifts and their scalar couplings with the a protons. The coherence transfer pathway for the amide protons is indicated below the pulse sequence. To avoid echo effects, the two spin-lock pulses (SL) are of different length, typically 2 ms and 500 As. The (1r/2) t,3 pulse serves to purge any magnetization that is not aligned along the y axis. Water suppression is achieved by selective irradiation of the water resonance during the delays of 1 s between successive scans and throughout the delay T. The phase cycling used was as follows: 41 = 8(x); 02 = 2(x, y, -x, -y); 03 = [4y, 4(-y)]; 04 = 8(x); receiver = 4(x, -x). This phase cycle was extended to 16 steps by additional phase alternation of 04 and the phase of the MLEV-17 mixing sequence (36) and further to 64 steps to include CYCLOPS by the simultaneous incrementation of all phases by ff/2 (37). Time proportional phase incrementation may be applied to the pulses 01, 42, and 03 for quadrature detection in wi (38) 1992) ing the a-proton resonances. As a result of the phase cycling of the selective inversion pulse (see Fig. 1 ), only the diagonal peaks of and the cross peaks with the amide protons appear in the spectrum. Four spectra were recorded at 600 MHz, using a mixing time of 60 ms and relaxation delays (T) of 5.2 ms, 35 ms, 65 ms, and 125 ms. Each spectrum took 9 h to record.
The amide proton exchange measurements and the T2 relaxation measurements were analyzed using the same techniques. The program EASY (40) was used for peak picking and integration of the cross peaks, and all the spectra of a time series were processed identically. The rate constants for the amide proton exchange and the T2 relaxation times were obtained with a nonlinear fitroutine included in the program NOLIFI (unpublished program).
RESULTS
Between the conserved tetrapeptide segment YPWM and the N terminus of the HD, the Drosophila Antp gene has two alternative splicing sites (12) producing two types of functional protein products that differ by the presence or absence of 4 amino acid residues between the YPWM motif and the HD. The 4-amino acid insert in the longer Antp protein contains a cysteinyl residue. As the presence of such residues may cause difficulties due to autooxidation (24) , we used the shorter protein in this study.
'H NMR Assignments for the Elongated Antp(C39S) HD and Secondary Structure Determination. Complete sequencespecific 1H NMR assignments were obtained using the standard sequential assignment strategy for small proteins (41) (42) (43) (44) . A survey of the sequential and medium-range NOE connectivities is presented in Fig. 2 (25) . This is illustrated by Fig. 3 , which shows the spectral region (w1, 4.0-4.6 ppm; W 2, 7.1-8.4 ppm) from two soft NOESY spectra recorded with the Antp(C39S) HD (Fig. 3A) and with the Antp(YPWM) polypeptide (Fig. 3B) , respectively. Nearly all cross peaks seen for the Antp(C39S) HD are also present in the spectrum ofAntp(YPWM), with nearly identical chemical shifts and intensities. The absence in Fig. 3B of some of the weak cross peaks seen in Fig. 3A can be attributed to a somewhat different selection of the lowest contour levels plotted in the two spectra. The near identity ofcorresponding NOESY cross-peak patterns in the entire NOESY spectrum implies that nearly identical three-dimensional structures prevail for the well-ordered HD core of residues (8) in the Antp(YPWM) polypeptide and in Antp(C39S). Additional intense cross peaks in Fig. 3B arise from the N-terminal elongation polypeptide segment of residues -1 to -13 in Antp(YPWM). Arrows in Fig. 3B identify the sequential assignment pathway for the residues -11 to 1 via the daN connectivities. In addition to the daN connectivities, quite strong sequential dNN connectivities were observed between the same residues ( Fig. 2) , which is indicative of flexibly disordered nonregular secondary structure (44) . Furthermore, all cross peaks involving these N-terminal residues show narrow line shapes, which is again characteristic of relatively long transverse relaxation times due to increased mobility. Polypeptide by Studies of the Amide Proton Exchage Rates and T2 Relaxation Times. To investigate whether any hydrogen bonds were formed involving amide protons of the N-terminal elongation peptide segment in Antp(YPWM) and whether the hydrogen-bonding network in the core of the protein was affected by the addition of the N-terminal elongation, quantitative measurements were made of the amide proton exchange rates in both the Antp(YPWM) polypeptide and the Antp(C39S) HD. Fig. 4 A and B Within the accuracy of the measurements, the amide proton exchange rates of corresponding residues are very similar for the two proteins. The patterns of slowly exchanging amide protons clearly reflect identical sequence locations of the helical secondary structures in both proteins. The gradual increase of the exchange rates toward the C-terminal end of helix IV is explained by the fact that helix IV points away from the protein and is, therefore, less well stabilized and protected from solvent contact (8) . In the N-terminal segment containing residues -13 to +6 ofthe Antp(YPWM) polypeptide, no slowed amide proton exchange could be detected with the experiments used. This indicates that this N-terminal peptide segment is involved neither in the formation of stable local regular secondary structure nor in hydrogen bonding interactions with the structured core part of the protein. ¢v40- 20- in the N-terminal and C-terminal segments (residues -13 to 5 and 61 to 67) are =3 times longer. Since longer T2 relaxation times reflect shorter effective rotational correlation times, we conclude that, compared to the structured core ofthe protein, significant additional segmental mobility on a nanosecond time scale prevails in the terminal polypeptide segments. The results obtained thus show in particular that a flexibly disordered state prevails for the entire N-terminal elongation of the polypeptide chain, including the conserved tetrapeptide segment YPWM.
DISCUSSION
The close proximity of the YPWM motif to the DNA binding HD in a variety of homeotic proteins ( (47) .
When the modular nature of eukaryotic transcription regulatory sequences (for a review, see ref. 48 ) is considered, it seems likely that the specificity of homeotic gene products with respect to target site selection in vivo is also influenced by interactions with protein cofactors. This opens the possibility that the YPWM tetrapeptide motif is involved in protein-protein interactions (49) . Its high degree of conservation might then reflect that different homeotic proteins interact with common cofactors. Interestingly, the equivalent part of the yeast MATa2 protein is the major protein-protein contact site between the MCM1 and MATa2 proteins (A. K. Vershon and A. D. Johnson, personal communication). In vivo assays of the functional properties of homeotic genes carrying mutations in the YPWM motif (see refs. 50-52) as well as biochemical studies will be required to further investigate possible roles of this "unstructured" polypeptide segment in DNA recognition, either by direct protein-DNA interactions or by mediation through protein-protein interactions.
All the three structure determinations of HD-DNA complexes reported so far (9-11) used short HD polypeptides, with at most one residue added at the N terminus of the HD sequence. Since the N-terminal arm of the HDs in these structures contacts bases in the minor groove of the DNA and has also been shown to significantly affect the complex stability (53) , it was of considerable interest to ascertain that these N-terminal protein-DNA interactions are not a specific property of the polypeptides selected so far for the structure determinations. The results on the structure and the binding properties of the elongated Antp(YPWM) polypeptide now strongly support that the data collected with the shorter HD polypeptides are a valid representation of the properties of HDs incorporated into longer polypeptide chains, including most probably the intact expression products of the homeobox-containing genes.
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